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Abstract 
 Proton exchange membrane fuel cells are promising sources of electrical energy for 
stationary generation, transportation, portable and backup power.  The performance is greatly 
impacted by a variety of factors including cell temperature, gas flow rates, reactant 
humidification, and water management.  Water management is especially challenging involving 
a fine balance between adequate humidification for conductivity and flooding due to excess 
water.  Gas diffusion layers are a component within the fuel cell designed for the functions of 
permeability, electrical conductivity, mechanical strength, and water management.  For this 
research, the production and use of carbon nanotube nanoforests for gas diffusion layers was 
investigated due to the carbon nanotubes’ inherent high electrical conductivity, permeability, and 
hydrophobicity.  The nanoforest was used independently and paired with carbon paper and 
ceramic substrates.  Although none of the developed diffusion layers performed better than the 
baseline, unexpected behaviors were observed and the path for future research is better defined. 
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Chapter 1: Introduction 
 Proton exchange membrane fuel cells (PEMFCs) are attractive, competitive candidates 
for power production and conversion devices for stationary, automotive, and portable devices 
compared to various other types of fuel cells.  Despite technology’s current trend of decreasing 
size, large cells represent the biggest potential market for fuel cells [1, 2].  PEMFCs in particular 
are touted for their high power densities, environmental benefits via low or zero emissions, and 
relatively low operating temperatures [3-5].  However, at the low temperatures both liquid and 
vapor water coexist during the cell’s operation, thus creating the need for a specific water 
balance to maintain both high proton conduction and gas diffusion [6]. 
 Gas diffusion layers (GDLs), a component within the fuel cell’s membrane electrode 
assembly (MEA), have been developed to manage water and promote gas distribution to active 
catalyst regions in order to obtain high power densities at all current density regions.  The main 
purpose of a GDL is the distribution of reactants to the electrode, water management, and 
enhanced electrical contact between the electrode and bipolar plates.  For the past decade, 
microporous layers (MPL) of carbon papers and carbon cloth substrates and 
polytetrafluoroethylene (PTFE) based coatings have been the major choice for GDLs on the 
market [3, 4, 6-8].  However, the development of carbon nanotubes (CNT) and popularity boost 
of nanotechnology has opened a new area of research for materials development for PEMFC 
GDLs [7]. 
 Multi-walled carbon nanotubes (MWCNT), used in this research, are coaxial groups of 
single-walled tubes of varied diameters formed by rolling graphene sheets in specific 
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orientations.  Since these tubes are on the nanometer scale, depending on the chirality MWCNTs 
can exhibit either metallic, semi-conducting, or a combination of both properties.  Despite the 
structural variation, CNTs have a unique combination of stiffness, strength, and endurance 
whereas other fibrous materials lack one or more of these qualities [9, 10].  Given the ability to 
transport large currents with low resistance and high hydrophobic properties and corrosion 
resistance, integrating MWCNTs as GDLs could potentially decrease or eliminate the need for 
humidification systems. 
 This research focused on implementing MWCNTs as GDLs in PEMFCs in order to 
increase fuel cell performance in terms of stability across a range of relative humidity, increased 
power density, and operational efficiency.  The process, from growing carbon nanotubes to the 
implementation in a large-scale experimental fuel cell will be discussed in this work. 
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Chapter 2: Literature Review 
2.1 Water Management 
 As mentioned previously, the water management within the cell as well as the proper 
hydration of the GDL are both key factors in the performance of PEMFCs.  Although high water 
vapor content in the membrane favors higher proton conductivity, extra water vapor easily 
condenses to liquid in the electrode and GDL.  Excess liquid water severely decreases fuel cell 
performance by hindering gas diffusion and covering active sites of the catalyst layer [6].  In a 
typical cell, as shown in the diagram in Figure 1, there are multiple pathways via which water 
can enter the cell.   
 
Figure 1. Modes of water transport through and uptake into a fuel cell [11]. 
 
With operating temperatures around or below 100 °C, external humidification is required 
to fully humidify the reactant gases in order to avoid low proton conductivity resulting from 
membrane dehydration.  Water vapor is thereby introduced into the fuel cell via the humidified, 
reactant gas streams entering the electrodes.  Thus, a combination of liquid and vapor water pass 
through each electrode to the electrode-membrane interface.  The hydration of the GDL is aided 
4 
 
by water vapor crossing this interface.  Water is also produced as the product of the oxygen 
reduction occurring at the cathode which is carried by electro-osmotic drag or diffusion down 
concentration gradients that build up within the cell.  Electro-osmotic drag causes membrane 
dehydration when protons move from anode to cathode simultaneously transporting liquid water 
and water vapor [11-13]. 
The PEMFC’s high sensitivity to hydration initiated extensive research and analysis to 
monitor and optimize the water management in these systems [14-17].  These studies concluded 
that the optimum water balance for the PEMFC model can be controlled by factors such as 
operating temperature, pressure, reactant gas temperatures, and the humidity of reactant gases.  
In addition to cell modeling, different types of PEMFC humidification systems have also been 
studied, including direct injection [18] which adds water directly to the gas inlets, and external 
membrane humidifiers [19] which flow gas over a water permeable membrane causing the gas to 
absorb water.  One of the most common methods to combat the issue of water balance is gas 
bubbling which allows reactant gases to flow through bottles of heated water.  The temperature 
of the heated water is proportional to the resulting relative humidity of the gases and can be 
calculated as follows in Equations (1-3) [20].  First determine the saturation pressure of water, 
𝑃𝑤
𝑆𝑎𝑡, at the operating temperature of the fuel cell, 𝑇𝐶. 
𝑃𝑤
𝑆𝑎𝑡(𝑇𝐶) = 100 × 10
[𝐴−
𝐵
𝐶+𝑇𝐶
]
              [kPa] (Eq. 1) 
𝑤ℎ𝑒𝑟𝑒 {
𝐴 = 𝐴𝑛𝑡𝑜𝑖𝑛𝑒 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 4.65430
𝐵 = 𝐴𝑛𝑡𝑜𝑖𝑛𝑒 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 1435.264
𝐶 = 𝐴𝑛𝑡𝑜𝑖𝑛𝑒 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = −64.848
 
Next, determine the saturation pressure of water, 𝑃𝑤
𝑆𝑎𝑡(𝑇𝐻), that will be required to achieve the 
desired relative humidity, 𝜙𝑐. 
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𝑃𝑤
𝑆𝑎𝑡(𝑇𝐻) = 𝜙𝐶 × 𝑃𝑤
𝑆𝑎𝑡(𝑇𝐶)                     [kPa]  (Eq. 2) 
Using the saturation pressure found in Equation (2), the required humidifier water temperature, 
𝑇𝐻, can be calculated with 𝑇° equal to standard temperature of 273.15 K. 
𝑇𝐻 = [
𝐵
𝐴−log[
𝑃𝑊
𝑆𝑎𝑡(𝑇𝐻)
100
]
− 𝐶] − 𝑇°               [℃] (Eq. 3) 
2.2 GDL Composition 
The material composition of GDLs also has a significant effect on the water management 
and conductivity within a PEMFC.  The GDL, located within the MEA of a fuel cell as shown in 
Figure 2, is a critical component that influences the system performance especially at the high 
current density region as the conductive path between the bipolar plate and catalyst layer.  Other 
functions include the passage of heat and reactant gases, mechanical support to the MEA, and 
protection of the catalyst layer from corrosion and/or erosion within the cell [21].  Its 
hydrophilicity and hydrophobicity should be balanced to simultaneously avoid flooding at high 
relative humidity conditions and also avoid drying at lower humidity settings in order to achieve 
optimum performance [4].  In order to ensure good performance, the GDL should have sufficient 
capabilities for gas distribution and water management, must be porous to the reactant gases, 
have good electrical conductivity, and be hydrophobic to prevent liquid water from saturating the 
material and decrease the permeability of the gas.   
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Figure 2. GDL structure and MEA components in a PEMFC with indicated electron, reactant 
gas, and heat flows [22]. 
 
Standard GDLs have two layers – a macroporous support layer and a microporous layer 
(MPL).  The macroporous layer, typically a carbon fiber cloth (woven) or carbon paper (non-
woven) of approximately 200-500 μm in thickness, contributes to the conductivity of the GDL 
[4, 23].  Extensive studies have been done to compare the performance differences of GDLs 
using carbon paper or carbon fiber macroporous substrates.  Material characteristics, including 
porosity, tortuosity and surface roughness, are significant factors affecting the performance of 
each GDL.  Figure 3 shows the structural comparisons of carbon cloth and two different carbon 
papers when viewed with a scanning electron microscope (SEM).  For example, carbon cloth is 
more porous and less tortuous than carbon paper; therefore it is the better choice at high-
humidity conditions.  Whereas the more tortuous structure of carbon paper is more ideal for low 
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humidity conditions since it allows the GDL to prevent the loss of product water to dry gas 
streams and minimize ohmic loss [21].  However, the macro-pores often easily cause water 
flooding; therefore the macroporous layer is coated with a very thin, MPL of carbon black or 
graphite particles to increase conductivity and polytetrafluoroethylene, PTFE, to increase 
hydrophobicity and aid in water transport.  This PTFE loading in commercial GDLs ranges from 
5 wt.% to 30 wt.% and has a significant impact on the hydrophobicity and conductivity. [7, 21, 
23].  The PTFE as a dielectric, however, can decrease the membrane’s conductivity by blocking 
micropores and increasing polarization [7].  A study conducted in 2004 determined that a 10 
wt.% PFTE loading on carbon cloth enabled greater output from a PEMFC, especially in the 
mass transfer region (> 0.8 A/cm
2
) [24, 25]. 
 
Figure 3. Scanning electron microscope images of surface and side views of carbon fiber 
configurations for (a) & (d) carbon cloth with woven fibers, (b) & (e) straight stretched fibers in 
Toray H-060 carbon paper, and (c) & (f) felt/spaghetti fibers in Freudenberg C2 carbon paper 
[22]. 
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2.3 Carbon in GDLs 
 Other applications of carbon for fuel cells are currently being investigated aside from its 
use in the macroporous layer [7].  Carbon is an attractive material for electrochemical purposes; 
thanks to its high electrical conductivity, acceptable chemical stability, and low cost.  CNTs, 
with an ideal combination of electrical conductivity, high surface area, and accommodating pore 
structure, are increasingly viewed as viable supports for catalyst materials.  In 2007, Kannan et 
al. proved that nanotube can be an effective microporous layer or catalyst support material 
through the use of single-walled CNT (SWCNT) [3].  A mixture of 50% SWCNT and 50% 
Pureblack carbon with a 7 mil (approximately 178 μm) macroporous carbon paper combined 
with a Nafion-112 membrane electrolyte produced superior current and power densities as can be 
seen in Figure 4. 
 
Figure 4. “Galvanostatic polarization data for MEAs at 70 °C using SWCNTs, Pureblack 
carbon, and Pureblack Carbon and SWCNTs (50/50 wt.%) based GDLs [3].” 
 
 These results were then further improved upon with the development of in situ growth of 
carbon nanotube nanoforests (CNN) directly onto the macroporous carbon paper layer.  Using 
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this new GDL with the nanoforest, an array of MWCNT, on one side of the carbon paper, a 
stable power density of 1.100 W/cm
2
 was achieved for the same operating conditions [26].  The 
macroporous layer used had a 15 wt.% teflonized carbon paper base.  This CNN GDL exhibited 
stable performance at all relative humidity (RH) conditions, while the performance of wire-
coated, comparison GDLs decreased drastically at lower RH levels.  Figure 5 shows the 
improvements of the CNN GDL across a range of humidity settings in comparison to the 
conventional, wire-rod GDL. 
 
 
Figure 5. Fuel cell performance for GDLs based on (a) CNN/carbon paper, (b) wire-rod coating 
using teflonized carbon paper, and (c) wire-rod coating using non-teflonized carbon paper [26]. 
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The following research is intended as a continuation of the above work.  MWCNT CNNs are 
used in combination with various carbon substrates as potential, new GDL alternatives in a 
PEMFC.  
2.4 Carbon Nanotube Growth 
MWCNT can be manufactured using a number of methods, most of which consist of the 
nanotubes “growing” on a catalyst-coated substrate.  The three most common techniques are arc 
discharge, laser ablation, and chemical vapor deposition.  For the arc discharge method, CNTs 
self-assemble due to a carbon vapor created by an arc between two carbon electrodes.  Arc 
discharge is useful when producing large CNT quantities at the expense of purity.  The laser 
ablation option utilizes a high power laser beam on a volume of feedstock gas containing carbon 
(e.g. methane or carbon monoxide) and produces a small amount of pure CNTs.  Chemical vapor 
deposition (CVD) is popular in producing MWCNT and is known as being the easiest method to 
scale up with the best price per unit ratio.  The CVD process involves mixing a carbon-
containing gas such as acetylene, ethylene, or ethanol with a metal catalyst, generally cobalt, 
nickel, iron, or a combination at temperature above 600 ℃ [27].  The following research utilizes 
a CVD furnace to grow MWCNT CNN for use as standalone GDLs or on various substrates. 
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Chapter 3: Methodology 
3.1 CNN Growth 
 For this research in order to produce samples for an industrial-size fuel cell, the CNNs 
were grown using a six-inch diameter, Lindberg/Blue M STF55666C, CVD furnace custom-
designed and fabricated at the Hawaii Nanotechnology Laboratory of the Department of 
Mechanical Engineering at the University of Hawai‘i at Mānoa.  Substrates including silicon 
dioxide (SiO2) wafers, carbon paper, and carbon ceramic cloth (further discussed in following 
sections) were placed one at a time upon a quartz plate at a specific location within the furnace in 
a predetermined optimum growth zone.  Consistently obtaining good quality, uniform growth 
across each substrate required a significant amount of effort in order to ensure the furnace’s 
stable operation and to determine the optimum operating parameters. 
The individual and combined effects of precursor volume and precursor volumetric flow 
rate on the CNN growth thickness and uniform area were analyzed using a two-factor analysis of 
variance with three levels.  Precursor temperature, furnace temperature, and gas flow rates were 
kept constant meanwhile the volume of precursor injected into the furnace and its volumetric 
flow rate were changed.  The model utilized for this was as follows, 
𝑦𝑖𝑗 = 𝜇 + 𝜏𝑖 + 𝛽𝑖 + (𝜏𝛽)𝑖𝑗 + 𝜀𝑖𝑗  (Eq. 4) 
where 
{
 
 
 
 𝑖 = 1,2,3  𝑗 = 1,2,3   𝜀𝑖𝑗~𝑁(0, 𝜎
2)
𝜏𝑖 = treatment effect of precursor volume at the i
thlevel
𝛽𝑗 = treatment effect of volumetric flow rate at the j
thlevel
𝜀𝑖𝑗 = error term
 
A total of 18 growths with random order of testing were conducted on quartz plates as to not 
waste valuable, more costly substrate materials.  The thickness across the plate was manually 
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inspected by the naked-eye and areas with noticeably thinner growth were removed.  The area 
remaining was assumed to have uniform thickness and was measured.  The CNN growth area 
was then scraped off from the quartz substrate and weighed.  Thickness values were calculated 
using the measured masses and growth areas for each run. 
 The analysis of variance (ANOVA) tool in the Minitab17 program was employed using a 
general linear model with CNN growth area as the response and two factors being precursor 
volume and volumetric flow rate.  Based on the ANOVA table generated, the flow rate was 
determined to be the significant factor affecting growth area.  Effects analysis of the main effect 
plot yielded that a flow rate of 0.4 mL/min was the best option to produce the most uniform 
growth area of CNN. 
 A second general linear model was used with thickness as the response versus the same 
two factors.  The resulting ANOVA table showed that the volume of precursor injected was the 
significant factor on CNN growth.  Optimum values to obtain the highest thickness were 
determined to be 50 mL of precursor injected at 0.3 mL/min.  Combining this result with that of 
the model for area, it was decided that the best settings to have a balance of large uniform growth 
area and thickness are 50 mL precursor volume and 0.3 or 0.4 mL/min volumetric flow rate.  
Since flow rate was not significant in determining growth thickness, 0.4 mL/min was selected for 
future growths as it produced the best area response and to reduce the time required.  Thus, the 
ideal settings of 50 mL and 0.4 mL/min were used for each growth.  More detailed ANOVA 
results can be found in Appendix A. 
  After placing the selected substrate on the quartz plate within the furnace, the furnace 
end cap was then sealed.  Before each run the furnace was purged with argon gas flowing at 
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1.400 standard liters per minute (SLPM) while two heaters increased the front and middle of the 
furnace to the operating temperature of 750 ℃.  Once 750 ℃ was reached and stabilized, a 1:100 
by weight precursor mixture of ferrocene and xylene was vaporized at 195 ℃ in a preheater and 
injected into the furnace at 0.400 mL/min.  Concurrently, the hydrogen gas flow of 0.300 SPLM 
(about 21% of the argon gas by volume) was also started which helped to carry the precursor 
through the furnace. 
 For this procedure, xylenes was the carbon-containing gas and ferrocene was the catalyst 
metal which produced iron nanoparticles as the base for CNT growth.  As this mixture flowed 
into the furnace, the ferrocene particles deposited onto the surface of the selected substrate.  The 
xylenes’ carbon bonds were broken and reformed as MWCNTs on the iron nanoparticles 
following a base-growth model, pictured in Figure 6. 
 
Figure 6. (a) Tip-growth and (b) Base-growth models for MWCNT CVD growth [28]. 
 
Once the entire volume of precursor was injected (requiring approximately 125 minutes), the 
furnace heaters and hydrogen gas flow were turned off.  The CNN growth remained in an inert, 
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argon environment for about four hours until the furnace cooled to below 200 ℃ after which the 
argon gas flow was switched off.   
 In order to be considered for use as a GDL, each growth was visually inspected to ensure 
uniform growth across the substrate, an example of which can be seen in Figure 7.  Uniform 
growth refers to the thickness such that there are no craters, pin holes, bumps, or thickness 
gradients as shown in Figure 8.   
  
Figure 7. (a) SiO2 wafer prior to CNN growth and (b) Ideal, uniform, good quality CNN growth 
from the CVD furnace. 
 
 
Figure 8. Examples of CNN growths with poor thickness uniformity and or pin holes. 
After consistent, good quality growth could be ensured, the same parameters were used to 
grow CNN in situ on Toray TGP-H-030 carbon paper (CP) with 10 wt.% PFTE loading and 
eight-harness silicon carbide (SiC) Nicalon cloth.  In addition to the pure CNN removed from the 
(a) (b) 
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SiO2 substrate, there were four GDL variations to later be used in fuel cell testing.  Each of these 
exhibited very different, physical characteristics that could be seen through electron microscopy. 
3.2 Pure CNN Removal from SiO2 Substrate 
In order to use pure CNN as a GDL, the CNN growth needed to be removed from the 
SiO2 wafer substrate it was grown on.  However, since CNN are only held together by Van der 
Waals forces the samples were extremely fragile and difficult to handle.  In prior studies, CNN 
was removed by dissolving the wafer’s oxide layer using Sigma Aldrich Ceramic Etchant A or 
Alumiprep 33 [29].  Both of these chemicals are hydrofluoric acid substitutes, intended to reduce 
the major safety risks of working with hydrofluoric acid.  In the process tested and supported by 
Patent #WO 2011106109 A2 “Nanotape and Nanocarpet Materials,” small nanoforest samples 
were removed with the chemicals, then rinsed multiple times alternating between hydrochloric 
acid and deionized water baths to remove the ferrocene catalyst layer and leave only pure CNN 
[29].  Despite the success of this prior research, it was extremely difficult to obtain a full sheet of 
CNN with adequate thickness and a large enough area for a 50 cm
2
 fuel cell to be used for an 
industrial-size test. 
During removal testing, it was found that Alumiprep 33 was much more effective at 
removing the CNN than Ceramic Etchant A.  The time required to separate the CNN from the 
SiO2 substrate was inversely proportional to the thickness of the growth, requiring five to fifteen 
minutes to fully detach a CNN of approximately 200 μm instead of the predicted 90 seconds 
when using hydrofluoric acid.  Separation initiated from any exposed SiO2 surfaces; therefore if 
the growth was not uniform in thickness, spots of thinner growth would result in ruptures or tears 
through the CNN as can be seen in Figure 9.  If the removal happened unevenly, the CNN would 
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also curl over on itself when removed from the substrate resulting in many unusable pieces that 
could not be unrolled without breaking further. 
 
  
Figure 9. (a) CNN separation starting from exposed SiO2 wafer areas and (b) Removed CNN 
curling on its own after lifting from the substrate using Alumiprep 33. 
 
 Further testing revealed the subsequent difficulty in handling the separated CNN pieces 
that would easily rip if not fully supported.  Growths on the thinner end of the acceptable GDL 
thickness were notably more difficult to handle; therefore, thicker growths were preferred for 
later testing.  After rinsing samples with deionized water and setting aside to dry, the pieces of 
growth cracked or broke into even small pieces and were then stuck to the petri dish. 
 In order to better control the separation process and yield complete, intact sheets of CNN 
the edges of the SiO2 wafer were scraped to expose approximately 0.25 cm of wafer around the 
perimeter.  A 10 cm x 10 cm square of 5% teflonized carbon paper was placed under the wafer to 
more easily lift and support the separated CNN layer after it fully detached from the substrate.  
The carbon paper was placed at the bottom of a square, plastic food storage container with the 
CNN wafer sitting on top of it.  Alumiprep was poured slowly around the edges of the wafer to 
facilitate the edges’ removal, and then the entire wafer was covered to a depth of around 1.25 cm 
(a) (b) 
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using 250 mL.  After the CNN completely separated from the substrate, the SiO2 wafer was 
carefully slid out from between the hovering CNN and carbon paper.  With the CNN centered on 
the paper, the CNN could be fully supported as it was raised out from the Alumiprep.  Keeping 
all of the CNN surface flat on the carbon paper, the growth was then rinsed in several 
consecutive baths of deionized water.  The carbon paper was kept straight and inserted into the 
deionized water baths at nearly 90° to prevent the CNN from lifting off of the paper.  
 Often during the following drying period, the CNN would crack or roll off from the 
carbon paper likely due to any residual stresses present as well as the shrinkage differences 
between the two materials as they dried.  Examples of these results are in Figure 10. 
   
Figure 10. Examples of results from the drying process with the CNN on carbon paper. 
 
To avoid this problem and keep the CNN intact, the carbon paper and CNN were soaked in 
deionized water for approximately two hours before drying.  In addition, the drying carbon paper 
was supported underneath only at the edges of the CNN to eliminate possible friction with a 
touching surface.  The paper and nanoforest were also covered to prevent forced convection 
which could undesirably speed the drying process.  The slow drying helped the CNN to remain 
intact as shown in Figure 11 below.  Although the developed process produced more frequent 
good results, not every attempt was successful. 
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Figure 11. Complete CNN growth of approximately four inches in diameter removed from its 
SiO2 substrate with Alumiprep and dried on 5% teflonized carbon paper. 
 
 Although prior research using hydrofluoric acid required the extra step of hydrochloric 
acid baths to remove the ferrocene, upon SEM inspection of the CNN removed with Alumiprep 
in Figure 12, it was determined that no defined ferrocene layer was present.  A backscattering 
mode on the SEM also confirmed that there was no layer of ferrocene on the CNN treated with 
Alumiprep. 
  
Figure 12. (a) Underside of CNN separated using Alumiprep 33 and (b) Further magnification 
of the surface showing what appeared to be a ferrocene layer was actually only nanotubes. 
 
(a) (b) 
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The distinction of no ferrocene layer is significant as it suggests the Alumiprep process, detailed 
above, not only is far less hazardous than other methods, it is also a one-step removal method 
rather than the previously used technique requiring further processes that could increase the 
potential for CNN damage. 
 Despite successfully producing several viable GDLs for testing, a very brief test in the 
fuel cell set off alarms for contamination.  After verifying through assessing process purities of 
the entire process, see Appendix B, it was determined that the contaminants were likely from 
residual Alumiprep 33 that was not rinsed off.  The results of a metal analysis by inductively 
coupled plasma optical emission spectrometry (ICP-OES) showed high quantities of iron, 
potassium, phosphor, and other elements (Appendix C).  Since fuel cells are extremely sensitive 
to contaminants, it was decided that the Alumiprep process may be too risky to use since its 
chemical composition is not fully advertised and the CNN handling is not ideal.  Therefore, a 
different method of removal was then investigated. 
Initial attempts to scrape the layer off with a razor blade or plastic surface scraper 
resulted in crumbling or broken pieces, as seen in Figure 13.  However, through further testing it 
was discovered that for the thicker growths around 200 μm the CNN layer would hold together 
more readily when being slowly separated from the substrate with a sharp knife.  The CNN could 
almost be “peeled” from the wafer as the knife was slowly moved around the connected surfaces.  
Without a steady hand, though, any adjustments of the knife angle or wrong movements could 
tear through CNN. 
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Figure 13. Broken pieces of CNN from initial attempts for mechanical removal. 
 
 Success was achieved when using an adapted wide cake lifter with an extremely 
sharpened edge.  Since the width of the cake lifter exceeded the diameter of the wafer and CNN 
growth, the sharpened edge could be used to separate the CNN in one stroke.  After aligning the 
sharpened edge with the top of the wafer, the lifter was moved smoothly across the wafer while 
pressing firmly downwards onto the wafer.  This resulted in clean, repeatable results provided 
the CNN thickness was adequate and uniform, an example of which is shown in Figure 14.  In 
order to test for contaminants again, a sample of this mechanically removed CNN was boiled in 
deionized water for two hours.  The water was then analyzed using inductively coupled plasma 
mass spectrometry (ICP-MS) method and was found to have no significant metal contaminants 
that could leach into the fuel cell during operation (results in Appendix D). 
 
Figure 14. Removal of CNN from SiO2 substrate with sharpened cake lifter. 
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3.3 GDL Characterization Using Electron Microscopy and Contact Angles 
Characterization was achieved via Scanning and Transmission Electron Microscopy, 
SEM and TEM respectively, using microscopes at the Pacific Biosciences Research Center 
(PBRC) Biological Electron Microscope Facility.  SEM visualization allowed for the direct 
observation of the MWCNT’s shape, size, and structure while TEM images yielded the 
measurement of the MWCNT inner and outer diameters and thus the approximate number of 
walls [30].  Figure 15 is an SEM image of pure CNN sitting on the SiO2 substrate.  In this image 
it is important to note the overall verticality of the nanoforest and the thickness measurement 
overlaid on the image also verifying that the growth is within the appropriate range to be used as 
a GDL. 
 
Figure 15. SEM side-view of CNN growth at 220x magnification with thickness measurement. 
 
Figure 16 is a further magnified view of the same CNN sample which shows the actual 
interwoven or tangled arrangement of the nanotubes; however, the overall vertical nature is the 
important feature that will likely lend to better gas permeability and higher electrical 
conductivity along the length of the CNT [30]. 
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Figure 16. SEM side-view of CNN growth at 30,000x magnification. 
 
 A small amount of the nanotubes were then scraped onto a TEM film to determine the 
quality of the MWCNT growth through the visualization of tube walls.  Distinct inner and outer 
walls of the CNT can be seen in the TEM image in Figure 17.  From this image and similar ones, 
the MWCNT inner and outer diameters were measured and averaged to be 10 nm and 21 nm, 
respectively, or approximately 16 coaxial tubes since the distance between the concentric layers 
of MWCNTs is 0.34 nm [7, 27].  The darker spot within the nanotube is the ferrocene catalyst 
within the MWCNT. 
 
23 
 
 
Figure 17. TEM image at 5,000x of a single MWCNT taken from the CNN. 
 
 The prior images confirmed that the designated growth parameters produced high quality, 
vertically aligned MWCNT as intended.  Following this, each substrate and GDL candidate was 
analyzed using the SEM.  Figures 18 through 22 show the SEM images taken for mechanically 
removed CNN, CP, SiC and a Sigracet baseline GDL. 
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Figure 18. SEM side-view at 300x magnification of CNN growth mechanically removed from the 
SiO2 wafer substrate, with thickness measurement. 
 
  
Figure 19. SEM images taken at 300x of (a) CP with 5% PTFE loading versus (b) CP with 15% 
PTFE loading. 
 
In Figure 19 above, it is interesting to note the drastic difference in appearance of the CP 
with 5% PTFE on the left versus the 15% PTFE CP on the right.  Although the PTFE distribution 
is not uniform throughout the paper’s thickness, with more on the surfaces near the interfaces 
and less in the interior, from the images it is easy to understand how the PTFE content on a GDL 
(a) (b) 
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may affect its porosity or gas diffusion capability.  Therefore the CP used as a GDL candidate 
was one with no more than the recommended 10% loading. 
  
  
Figure 20. CNN grown in situ on CP (a) Top-view at 130x magnification, (b) Top-view at 300x 
magnification, (c) Side-view at 180x magnification with approximate thickness measurement, 
and (d) Side-view at 400x magnification with measurement of one carbon strand. 
 
 Figure 20 shows CNN growth on Toray TGP-H-030 carbon paper with 10 wt.% PTFE 
loading.  It is interesting to note that the CNN grew uniformly on most of the exposed surfaces of 
the individual carbon fibers, giving an overall “fuzzy” appearance. 
(a) (b) 
(c) (d) 
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Figure 21. CNN grown in situ on SiC (a) Top-view at 30x magnification, (b) Top-View at 300x 
magnification, (c) Side-view at 30x magnification, and (d) Side-view at 1,200x magnification. 
 
 Since the sizing on the Nicalon was removed during the CVD furnace’s heating process, 
the CNN was able to grow on the SiC substrate, pictured in Figure 21.  Similar to the results on 
CP, the in situ growth on SiC produced strands coated in CNN, albeit a slightly thinner layer.  
What appears to be chunks or dust spots in Figure 21(a) are actually clusters of CNTs. 
 Images were also taken of a common, off-the-shelf SGL Carbon Sigracet SGL29BC 
GDL that was later used as a baseline reference in Figure 22.  No CNN was added to this GDL.  
Sigracet 29 BC is a non-woven carbon paper with microporous layer on one side treated with 5 
(a) (b) 
(c) (d) 
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wt.% PTFE.  Although it was designed for improved homogeneity and improved surface flatness 
[31], it is interesting to note the appearance of the mixed composition of the GDL and overall 
roughness of the top surface and edges.  At 25,000 times magnification, the microporous carbon 
particles can be seen as well as the PTFE where the brighter, white spots are. 
  
  
Figure 22. SEM images of the baseline Sigracet 29 BC GDL (a) Top-view at 35x magnification 
showing cracks on the surface, (b) Top-view at 25,000x magnification, (c) Side-view at 250x 
magnification with measurements, and (d) Side-view at 1,500x magnification. 
 
 In addition to utilizing electron microscopy, sessile drop contact angle measurements 
were taken for each GDL to be used as a rough comparison of the relative hydrophobicity or 
partial non-wetting behavior.  Specific surface energy was not calculated as Young’s contact 
(a) (b) 
(c) (d) 
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angle was not measured.  However, the pictures in Figure 23 and associated measurements in 
Table 1, provided an idea of how each GDL may behave.  For each substrate, a deionized water 
droplet of 10 μL, controlled with a 10 μL micropipette, was placed on each GDL substrate.  Top 
and bottom contact angles were measured for the CP and SiC samples since the CNN growing 
process produced nanoforests primarily on the top surfaces of the substrates.  Top and bottom 
measurements were also taken for the SGL29BC GDL.  It was important to record contact angles 
for both sides of the GDLs as the contact angle was expected to vary through the thickness due to 
the amount of CNN growth and potential uneven PTFE distribution.  An interesting observation 
for this process was the natural hydrophobicity of the CNN.  When attempting to deposit 
deionized water droplets onto the surface, the droplet would not easily adhere to the surface or 
would quickly roll off.  The three-phase contact angle was estimated using the ImageJ software 
with DropSnake plugin which fit a B-spline curve to the droplet based on manually placed knots 
[32].  An example of the contact angle measurement result can be seen in Figure 24. 
   
    
Figure 23. Deionized water droplets images for contact angle measurements on (a) pure CNN, 
(b) CP + CNN top, (c) CP + CNN bottom, (d) SiC + CNN top, (e) SiC +CNN bottom, (f) 
SGL29BC top, (g) SGL29BC bottom. 
(a) (b) (c) 
(d) (e) (f) (g) 
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Figure 24. Example of the ImageJ DropSnake contact angle result after manually designating 
spline knots. 
 
Table 1. Contact angle measurements for each GDL. 
GDL Type CNN CP SiC SGL29BC 
Top [degrees] 151.0 156.7 138.3 154.2 
Bottom [degrees] N/A 120.2 141.4 131.6 
Average [degrees] 151.0 138.4 139.8 142.9 
 
Since all the average contact angles in Table 1 are above 90°, none of the GDLs should 
be hydrophilic.  Although the contact angle was not measured for the bottom of the pure CNN in 
this work due to its homogeneous composition, for future research it would be important to note 
the differences in contact angle caused by surface morphology.  With the highest average contact 
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angle, the pure CNN GDL was expected to be the most hydrophobic – a promising outlook for 
its performance during fuel cell testing. 
3.4 Fuel Cell Testing 
For fuel cell testing, the well-established apparatus and procedures of Hawaii Sustainable 
Energy Research Facility (HiSERF), a branch of Hawaii Natural Energy Institute (HNEI) were 
utilized.  Since prior research on CNN GDLs was done on a small, 1 cm
2
 cell, one of the 
objectives of this research was to test with a larger, industrial-size cell.  Therefore, a 50 cm
2
 Fuel 
Cell Technologies cell was used.  The graphite electrode plates had a triple serpentine flow field 
on the cathode and a double serpentine flow field on the anode, run in a counter-flow 
configuration.  Each cell build used a GORE 5715 series MEA with 0.4 mg Pt/cm
2
 loading on 
both sides.  The MEA window frame thickness was approximately 74.3 μm and the catalyst layer 
thickness was around 26.8 μm.  Gaskets within the cell were cut from virgin PTFE and each cell 
was assembled and sealed for 10% compression.  The CNN GDLs were used on only the cathode 
side of the cell where they were expected to have the most significant impact to fuel cell 
performance.  Each build used a different GDL.  Since each GDL candidate had a different 
thickness, different thickness Teflon shims were employed to make sure the cell compression 
was consistent for each build.  The measurements of all the internal cell parts are below in Table 
2.  The fuel cell assembly order for all the components between the anode and cathode end plates 
is depicted in Figure 25. 
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Table 2. Measurements of internal components used for fuel cell testing. 
GDL Type CNN CP + CNN SiC + CNN SGL29BC 
GDL Uncompressed Thickness [μm] 187 113 413 235 
MEA Window Frame Thickness/2 [μm] 37 37 37 37 
MEA Catalyst+Membrane Thickness/2 [μm] 13 13 13 13 
Compression Percentage [%] 0.9 0.9 0.9 0.9 
Compressed Thickness [μm] 168.3 101.7 371.7 211.5 
Teflon Shim Thickness [μm] 145 78 348 188 
Teflon Shim Thickness [mils] 5.69 3.07 13.70 7.39 
Teflon Shim Thickness Rounded [mils] 6 3 14 7 
Stock shims to use 6 mil 3 mil 7 mil (*2) 7 mil 
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Figure 25. Diagram describing the components and their stacking order between the anode and 
cathode end plates [33]. 
 
For every build, the following four-day process was followed.  On the first day of testing 
for the specific build, the MEA was first conditioned at 80 ℃ with 100% RH for both reactant 
gas streams and a cell pressure of 150 kPa.  It underwent either 20 cycles of a Constant Voltage 
Step Cycle using 0.6V and 0.85 V in ten and five minute steps or an overnight constant current 
condition held at 50 A with 50 high/low current cycles.   
On the second day the cell was cooled to 35 ℃ for MEA diagnostics.  A Cyclic 
Voltammetry Scan for Cathode Electrochemical Surface Area (ESCAc) was conducted for three 
cycles where hydrogen flowed at the anode at 0.5 SLPM and a flow rate of 0.05 SLPM of 
Provides gas-tight seal 
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nitrogen was used at the cathode.  The cell performance was scanned at a rate of 20 mV/sec and 
a range of 0.05 Vvs Ref to 1.0 Vvs Ref.  Next, the cell was tested for hydrogen crossover and 
electrical shorting.  With 0.5 SLPM of hydrogen at the anode and 0.5 SPLM of nitrogen at the 
cathode, 0.35 Vvs Ref was held for three minutes, then ramped at 5 mV/sec to 0.5 Vvs Ref and held 
for another three minutes.  Using the last five seconds of this test at each hold stop, the slope of 
the two point curve resulted in the shorting resistance and the short compensated current at 0.5 V 
is equal to the equivalent hydrogen crossover current.  Finally, the Cyclic Voltammetry Scan for 
Anode Electrochemical Surface Area (ESCAa) was conducted with the same settings as the 
ESCAc, but with 0.05 SLPM of nitrogen at the anode and 0.5 SLPM of hydrogen flow at the 
cathode. 
The third day of testing was for polarization curves taken at 70 ℃ and 150 kPa.  Tests 
were done with hydrogen on the anode side and either air or oxygen on the cathode side with the 
following ratios: hydrogen/air at 2/2 stoichiometric and hydrogen/oxygen at 1.5/9.5 
stoichiometric.  As the cell was run through different humidity settings, 90, 70, 50, and 30 %RH, 
the humidity was the same on both sides of the cell.  The cell was ramped up until the cell 
voltage read 0.3 V or the current was greater or equal to 1.75 A/cm
2
 based on the maximum flow 
rates of the station.  The High Frequency Resistance (HFR) measurements were taken at 1 kHz.  
Between each change of RH, an oxide cleanup routine was run with cathode reduction using 
hydrogen on the anode side and nitrogen on the cathode side.  The fourth day repeated the 
procedures for gathering MEA diagnostics. 
To prepare each GDL for the test cell, the material was cut with a 74.8 mm die with 
rounded corners an example of which can be seen in Figure 26.  After assembling the stack with 
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a GORE 5715 series MEA with 0.4 mg Pt/cm
2
 loading and designated Teflon shims, the cell was 
bolted together and compressed such that the final bolt torque was 40 in-lb. 
 
Figure 26. Original, circular CNN GDL being cut to size with a 74.8 mm die to be used as the 
cathode GDL. 
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Chapter 4: Results and Discussion 
Each GDL, CNN only, CNN on CP, CNN on SiC, and the Sigracet baseline, were run 
through the same operating procedure as described in the Methodology section.  From this 
procedure, polarization curves were generated for each build setup.  An example of a typical 
polarization curve is given in Figure 27, showing the separation into three main regions.  The 
drastic voltage drop of the top region is due to activation resistance in the oxygen reduction 
reaction related to the type of catalyst used.  The gradual voltage drop in the second region is the 
ohmic voltage loss attributed to electronic, ionic, and contact resistance of the cell’s components.  
This negative linear slope can be characterized by Equation 5 [33] in which the ohmic losses, 
𝜂𝑂ℎ𝑚, increase linearly with cell current.   
𝜂𝑂ℎ𝑚 = 𝑅𝐻𝐹𝑅𝑖 = (𝑅𝑚 + 𝑅𝑒)𝑖             [Ω]      (Eq.5) 
In Equation 5, the HFR is denoted as 𝑅𝐻𝐹𝑅 and is divided into protonic membrane resistance, 
𝑅𝑚, and electronic resistance for the electrodes and other circuit elements, 𝑅𝑒.  As mentioned 
previously, the HFR was measured during fuel cell testing. 
The final sharp voltage drop in the third region is associated with mass transfer 
resistance, 𝜂𝑀𝑇, described by Equation 6 [34], 
𝜂𝑀𝑇 = −
𝑅𝑇
𝑛𝑒𝐹
ln (1 −
𝑖
𝑖𝐿
)              [Ω]  (Eq. 6) 
where R is the gas constant, T is operating temperature, 𝑛𝑒 is the number of exchanged electrons, 
F is Faraday’s constant, 𝑖 is the current density and 𝑖𝐿 is the current density limit.  Mass transfer 
resistance can be especially high at the cathode of the fuel cell due to the presence of vapor and 
liquid water in the electrode and GDL surfaces.  The presence of water vapor effectively dilutes 
the oxygen concentration, leading to increased mass transfer.  The liquid phase water further 
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inhibits the transport of oxygen to the reaction cites [18].  Since no catalyst changes were made 
and the fuel cell testing apparatus could not reach current densities high enough for the full mass 
transfer range, the following results focus primarily on the cells’ behavior in the ohmic region 
with some effects evident from mass transfer.  Polarization curves for each GDL can be found in 
Appendix E. 
 
Figure 27. Typical polarization curve of a PEMFC designating three main regions: activation 
loss, ohmic loss, and effects of mass transfer [18]. 
 
By zooming in to the linear portion of the polarization curves, the mass transfer effects, 
or mass transfer resistance equivalent, can be estimated.  This was done by isolating the linear 
portion of the curves at RH90 and RH30 for both air and oxygen.  Then, a linear regression line 
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was fit to the data and the slopes were compared by taking the absolute value of the difference in 
slopes for each RH setting to provide the equivalent mass transfer resistance.  An example of this 
can be seen in Equation 7 [35], 
𝑀𝑎𝑠𝑠 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = (|𝑅𝑂2 − 𝑅𝑎𝑖𝑟|)𝑅𝐻,𝐺𝐷𝐿        [Ω]  (Eq. 7) 
where, for a particular GDL and RH setting, 𝑅𝑂2is the slope of the linear regression line fit to the 
linear portion of the data recorded from operating the cell with oxygen and 𝑅𝑎𝑖𝑟 is the slope of 
the linear regression fit to the linear portion of data gathered from operating the cell with air.  
The values were calculated for RH90 and RH30 then averaged to yield a single mass transfer 
resistance per GDL as shown in Figure 28.  Using the baseline GDL as the desired target 
resistance, it is clear that the CP GDL was affected the most by mass transfer when operating 
with air versus oxygen as its resistance is over one magnitude larger than the desired level.  
Although none of the CNN GDL options are below the target resistance, the SiC with CNN GDL 
seems to have been the least affected by mass transfer.  As a continuation of this research, it will 
be important to further address the mass transfer effects of potential GDLs.  The oxygen 
transport resistance can be varied by replacing nitrogen in air with helium to further separate the 
losses due to permeability and diffusion [34]. 
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Figure 28. Comparison of equivalent mass transfer resistances for each GDL. 
 
Figure 29. Comparison of peak power density for each GDL at the various RH settings. 
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The power density curves were constructed from the polarization curves and are given in 
Appendix E, from which the peak power density at various humidity levels are extracted and 
depicted in Figure 29.  Comparing all four GDL options in Figure 29 placed the baseline 
SGL29BC as the top performer closely followed by the CNN on CP substrate.  When operating 
with oxygen, the CP peak power density at each RH is nearly identical to that of the baseline 
GDL; however, the CP with air produced a much lower peak power density.  This result is 
congruent with the highest mass transfer resistance shown in Figure 28.  Although the 
polarization curves for CP look very similar to the baseline curves, the overall voltage is lower.  
The extra resistance in the CP GDL cannot be attributed to the CP substrate as the Toray TGP-H-
030 CP through plane resistance [35] is less than that of the Sigracet SGL25BC GDL [36].  The 
resistance may be attributed to the presence of CNN; however it was not possible to distinguish a 
correlation.  There was also no evidence of flooding.  The SiC and pure CNN peak power 
densities are only approximately 28% of those for CP.  This could be expected from the SiC as 
its resistivity before processing is two orders of magnitude larger than the SGL25BC [37].  
Despite the lack of sizing and addition of CNN to increase the conductivity, it is likely not 
enough to offset the large resistivity.  On a positive note, each of the GDLs’ performance 
remains relatively consistent across the different RH settings, as can be seen by the nearly 
horizontal lines for each GDL.  The pure CNN GDL was most affected by the change of RH 
with lower peak power density for the higher RH settings.  Based on the polarization curves for 
the CNN GDL (Appendix E), it is evident that the best performance was obtained with the 
lowest RH and some amount of mass transfer was occurring even while running the test with 
oxygen.  Therefore, it is likely that there was too much water present and liquid water 
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accumulated on the substrate in the form of drops or film, thereby blocking the gas transport.  In 
addition, upon opening the cell after testing, obvious depressions from the flow channels were 
left on the CNN (as can be seen in Figure 30) which implies that the CNN may have been over 
compressed causing it to intrude into the flow fields—another potential cause for the reduced 
performance.  Similar indentations were not present on any of the other GDLs post-testing. 
 
Figure 30. Flow field depressions left on the pure CNN GDL during testing. 
 
There is not enough information from these fuel cell tests to determine whether or not the 
addition of CNN to these substrates, or the use of CNN alone, improves or degrades the 
performance of the GDL (a parameter optimization is outstanding).  In addition, there are many 
factors not considered here that can play a significant role in mass transfer.  These GDL 
characteristics include porosity, pore size distribution, tortuosity, PTFE loading, thickness, and 
carbon surface state or groups.  Porosity,𝜀, is defined as the void or pore-volume fraction of the 
GDL and is dependent on compressed thickness.  It can be calculated using Equation 8 [38] for 
which 𝑑 is the compressed thickness under load, 𝑑0 is the uncompressed thickness, 𝜌𝑏𝑢𝑙𝑘,0 is the 
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bulk density of the uncompressed media, and 𝜌𝑟𝑒𝑎𝑙 is the real density of the solid phase.  
Porosity can also be measured or calculated from the bulk density of the GDL based on the areal 
weight and thickness or the difference of weight of the sample before and after being soaked in a 
wetting liquid which fills all the pores. 
𝜀 = 1 − (
𝜌𝑏𝑢𝑙𝑘,0
𝜌𝑟𝑒𝑎𝑙
) (
𝑑0
𝑑
)  (Eq. 8) 
Pore size distribution is the probability density function of the distribution of pore volume by a 
characteristic pore size.  The pore size distribution is important due to the impact on capillary 
pressure forcing water out of the fuel cell and is generally measured using a mercury porosimeter 
through which the measured permeability corresponds to the mercury permeation through the 
GDL with increasing pressure.  Tortuosity, 𝜏, in Equation 9 [39] is the ratio of the actual path 
length, 𝐿𝑎𝑐𝑡𝑢𝑎𝑙, through pores to the shortest linear distance between two points or the material’s 
thickness, 𝑡𝐺𝐷𝐿. 
𝜏 =
𝐿𝑎𝑐𝑡𝑢𝑎𝑙
𝑡𝐺𝐷𝐿
 (Eq. 9) 
Porosity, pore size distribution, and tortuosity directly affect the gas and water transport 
through the GDL and allows for the calculation of the effective diffusion coefficient – another 
important parameter.  Porosity and tortuosity are also both affected by PTFE content and the 
MPL.  Generally, as can be imagined given the visual differences of the CP samples in Figure 
19, PTFE loading decreases the porosity and tortuosity of the GDL by blocking potential 
pathways.  The MPL further limits the size of the pores and their availability thereby decreasing 
porosity and increasing tortuosity.  In addition, pore size distributions for woven carbon cloths 
follow a different trend than that of GDL CPs.  Compression plays a significant role in these 
measurements as the materials are made of porous networks, rather than discrete pores.  Thus the 
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differences in porosity, pore size distribution, and tortuosity with and without compression can 
impact the cell’s performance.  The GDLs thickness also is proportional to its through-plane 
resistance [22, 38, 40].  Therefore, there must be a balance between the compressed thickness 
and porosity, pore size distribution, and tortuosity in order to have the least resistance and 
highest gas and water transport capabilities.  For further CNN GDL testing and analyses, these 
parameters should be evaluated in order to better characterize the performance of the GDLs. 
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Chapter 5: Conclusions 
PEMFC have the great potential to be widely implemented in a range of applications 
from transportation to stationary power.  However, water management during cell operation is 
still a significant challenge in the development of new cell components.  CNNs are a great 
candidate to be used as a stand-alone GDL or with existing GDL macroporous layers due in part 
to its increased conductivity and natural hydrophobicity.  Although none of the candidates 
presented in this research performed better than the current off-the-shelf GDL and only CNN on 
CP performed similar to it with oxygen and close to it with air, there is further room for 
investigation and improvements of these CNN GDLs.  For future CNN GDLs research the 
specific contribution of the CNN should be determined by testing the macroporous layers’ 
performance versus the GDL when the CNN growth is added in situ.  Since flooding likely 
occurred during this research at higher relative humidity levels despite each GDL’s proven 
hydrophobicity, the addition of a small amount of PTFE to the CNN and its effect would also be 
an interesting option to investigate.  With more time, the separation of mass transfer effects into 
diffusion and permeability contributions should be determined by varying oxygen diffusivity 
during testing.  Further characterization of each GDL is necessary to distinguish the significant 
features contributing to the fuel cell’s performance. 
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Appendices 
Appendix A: CNN Growth Parameter Effects Analysis 
 
Experimental Design and Procedures 
 CNN growth will be accomplished using a chemical vapor deposition (CVD) process and 
furnace.  In this process the precursor, a liquid solution containing iron and carbon elements, is 
vaporized and injected into the furnace.  Within the furnace the carbon-containing gas breaks 
down, the iron deposits onto quartz plate substrates, and the carbon nanotubes begin forming 
from the iron nucleation sites.  This process is highly dependent on the furnace temperatures and 
conditions, thus one area within the furnace has been distinguished as the best growth zone.  A 
quartz plate placed in this zone will be the substrate for the CNN growth observed in this 
experiment.  Precursor temperature, furnace temperature, and gas flow rates will be kept constant 
meanwhile the volume of precursor injected and its volumetric flow rate will be varied. 
 The goals of this experiment are to statistically determine,  
1. The effect of the precursor volume on the growth of CNN 
2. The effect of the precursor volumetric flow rate on the growth of CNN 
3. The regression of the CNN uniformity and thickness based on adjustments of the 
precursor volume and volumetric flow rate. 
The factors and levels are displayed in Table A.1 below.  Two replicates will be used for each 
level combination. 
 
Table A.1: Experimental Levels for Each Factor 
Factor Levels 
A 
1 40 mL 
2 50 mL 
3 60 mL 
B 
1 0.3 mL/min 
2 0.4 mL/min 
3 0.5 mL/min 
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The order of testing was determined randomly.  The number of runs conducted per day was 
purely based on available time since each run required approximately seven hours from start to 
finish.  The testing order is listed in Table A.2. 
Table A.2: Testing Order 
Day 
Volume 
(mL) 
Flow Rate 
(mL/min) 
1 60 0.3 
2 60 0.4 
3 
  
50 0.5 
40 0.3 
4 
  
50 0.3 
40 0.4 
5 
  
60 0.5 
40 0.5 
6 50 0.3 
7 50 0.4 
8 
  
40 0.3 
60 0.5 
9 
  
40 0.4 
60 0.3 
10 
  
50 0.5 
60 0.4 
11 
  
50 0.4 
40 0.5 
 
 After each run, the designated plate was removed from the furnace.  The thickness across 
the plate was manually inspected by the naked-eye and areas with noticeably thinner growth 
were removed.  The area remaining was assumed to have uniform thickness and was measured.  
This growth area was then scraped off from the quartz substrate and weighed. 
 
Results 
Model and Hypothesis 
The project requires a model in order to have a better knowledge of the results that will 
be obtained with Minitab. In this project, we considered two-factor analysis of variance with 
three levels.  The model is then, 
46 
 
𝑦𝑖𝑗 = 𝜇 + 𝜏𝑖 + 𝛽𝑗 + (𝜏𝛽)𝑖𝑗 + 𝜀𝑖𝑗  (1) 
𝑖 = 1,2,3  𝑗 = 1,2,3   𝜀𝑖𝑗~𝑁(0, 𝜎
2)   
Where 
𝜏𝑖 = treatment effect of Factor A at the i
th
 level. 
𝛽𝑗 = treatment effect of Factor B at the j
th
 level. 
𝜀𝑖𝑗 = error term. 
Area Analysis 
In order to achieve the goals of the project, the data was illustrated using Minitab in the 
form of two different boxplots. Firstly, the box plot of uniform growth area, Figure A.1, shows 
that the maximum of area obtained in each volume level is with a flow rate of 0.4 mL/min. 
However, one value should be the maximum, thus deeper analysis is required and an ANOVA 
table will help determine the significant factors and interactions. 
 
Figure A.1. Boxplot of collected CNN area measurements. 
Analysis of Variance 
The ANOVA analysis was conducted using a General Linear Model with Area as the 
response and two factors being Volume and Flow Rate.  It was necessary to double check the 
residual plot for both responses because any outlier values would appear in the standardized 
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residual.  Though the data appears to fit well in the Area residuals in Figure A.2, Minitab 
identified a total of two outliers to be removed.  The resulting residual plots are in Figure A.3. 
 
Figure A.2. Residual plots for area for the original model. 
 
 
Figure A.3. Residual plots for area of the refined model after removing outliers. 
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The ANOVA table was then used to determine the significance of the factors.  Starting 
with the Area response, after removing the two outliers the two-way interaction was not possible 
to represent.  Minitab produced the error stating it cannot estimate the Volume*Flow Rate term, 
so this term was removed.   
 
The ANOVA table shows that the Volume factor is not significant due to the value of p-value 
being higher than 0.05. The second factor, Flow Rate, is determined to be significant to the Area 
response because p-value is smaller than 0.05. Therefore, in the Flow Rate levels the only value 
which is significant is 0.4 mL/min. In this case the R
2
 is 74.21%, which represents a typical 
experiment value. 
Effects Analysis for Optimum Values 
In order to determine the maximum value of our experiments main effect plot for Area is 
displayed in Figure A.4.  It can be seen that the highest value of Area determined by Volume is 
achieved with 50 mL of precursor.  Similarly, the main effect plot of Area determined by Flow 
Rate shows the highest response at 0.4 mL/min.  According to the ANOVA results, Flow Rate of 
0.4 mL/min is significant, so both of them have the same conclusion.  The Volume factor was 
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not shown as significant in the ANOVA table so the 50 mL setting is chosen as the best option to 
have the highest Area response. 
 
Figure A.4. Main effects plot of the uniform Area response with respect to Volume and Flow 
Rate factors. 
Thickness Analysis 
The boxplot of thickness in Figure A.5 shows that the maximum of thickness value in 
each volume level is also with 0.4 mL/min flow rate.  The data ranges across the different factors 
settings make it unclear which factors produce the best thickness; thus further analysis is 
required. 
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Figure A.5. Boxplot of collected thickness data. 
 
As can be seen in Figure A.6 below, the Thickness standardized residual showed all data 
points very close to the line and Minitab produced no outliers. 
 
Figure A.6. Residual plots for the thickness data original general linear model. 
Analysis of Variance 
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Continuing with the ANOVA analysis, the second General Lineal Model used Thickness 
as the response versus Volume and Flow Rate.  The full Minitab results are in the Original Data 
and Minitab 17 Outputs sections following the Conclusion.  In this case there were no error 
messages from Minitab, which means that all factors and interactions were available to be 
plotted.  The first run of this General Lineal Model shows that there are no significant factors; 
however the R
2
 value for model regression is very low at 57.10% thus requiring the model to be 
refined.  After removing two obvious outlier data points Minitab produced five additional 
outliers, resulting in a total of seven removed points.  For this analysis the R
2
 value is 94.50%, 
which is considered a very high value for experiments.  
 
Minitab could not estimate the Volume*Flow Rate interaction term for this model.  However, 
Volume and Flow Rate factors are both significant. The values of 40 and 50 ml are significant as 
are showed in Analysis ANOVA table and for Flow Rate only 0.3 mL/min is significant. 
 Despite this refined model having a very high R
2
 value, it was decided that the analysis 
did not properly represent the data set since almost half of the data needed to be removed.  
Therefore, for further conclusions the refined model with only two chosen outliers was used.  
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This ANOVA result is below, indicating only the Volume factor as significant based on the p-
value.  The R
2
 value of 72.94% was determined to be acceptable for experimentation. 
 
 From the p-values produced in this version of the refined model, the Volume of 50 mL 
appears to be the only significant setting to determine thickness. 
Effects Analysis for Optimum Values 
Using the refined model with only the two obvious outliers removed yields the main 
effects plot in Figure A.7.  By selecting the highest response points on the plot, the optimum 
values to obtain the highest thickness are 50 mL and 0.3 mL/min. 
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Figure A.7. Main effects plot for the Thickness response with respect to the Volume and Flow 
Rate factors. 
Conclusions  
To sum up, the goal of the project was to produce the high quality carbon nanotube 
nanoforest which depends on the Volume and Flow Rate factors.  Based on analyzing the data in 
Minitab as a general linear model, ANOVA analysis shows that the Flow Rate factor is most 
significant to obtain a good uniform growth area and the Volume factor is most significant to the 
thickness of CNNs.  Taking the best values from the analyses of both Area and Thickness 
responses, it can be determined that the best settings to have the balance of large uniform growth 
area and thickness are 50 mL precursor volume and 0.3 or 0.4 mL/min precursor volumetric flow 
rate.  Since the flow rate is not significant in determining the growth thickness, 0.4 mL/min will 
be selected for future experiments to reduce the time of growth periods.  The flow rate of 0.4 
mL/min also produced the best uniform area response.  Therefore, the ideal settings are 50 mL 
and 0.4 mL/min. 
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Original Data 
Table A1: Measured Data 
Volumetric Flow Rate 
 
Precursor Volume 
0.3 mL/min 0.4 mL/min 0.5 mL/min 
Mass (g) Area (in2) Mass (g) Area (in2) Mass (g) Area (in2) 
40 mL 
0.3634 7.25 0.3166 11 0.0464 7 
0.6994 9 0.7060 9.5 0.3432 8 
50 mL 
0.5802 8 0.6382 10.5 0.3781 9.75 
0.6716 9 0.0698 12 0.6343 8 
60 mL 
0.8387 8.75 0.1015 6.75 0.0509 8 
0.2171 11 0.0128 12 0.0485 7 
 
Table A2: Calculated Thickness Values in Micrometers 
Volumetric Flow Rate 
 
Precursor Volume 
0.3 mL/min 0.4 mL/min 0.5 mL/min 
40 mL 
123.8 163.6 15.3 
295.7 315.1 129.0 
50 mL 
218.1 337.0 173.2 
284.0 39.3 238.4 
60 mL 
344.8 32.2 19.1 
112.2 7.2 15.9 
 
Table A3: Data Used for Minitab Analysis 
Volumetric Flow Rate 
 
 
Precursor Volume 
0.3 mL/min 0.4 mL/min 0.5 mL/min 
Thickness 
(um) 
Area (in
2
) 
Thickness 
(um) 
Area (in
2
) 
Thickness 
(um) 
Area (in
2
) 
40 mL 
123.8 7.25 163.6 11 15.3 7 
295.7 9 315.1 9.5 129.0 8 
50 mL 
218.1 8 337.0 10.5 173.2 9.75 
284.0 9 39.3 12 238.4 8 
60 mL 
344.8 8.75 32.2 6.75 19.1 8 
112.2 11 7.2 12 15.9 7 
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Minitab 17 Outputs 
Original Area Model 
General Linear Model: Area versus Volume, Flow Rate  
 
Method 
 
Factor coding  (-1, 0, +1) 
 
 
Factor Information 
 
Factor     Type   Levels  Values 
Volume     Fixed       3  40, 50, 60 
Flow Rate  Fixed       3  0.3, 0.4, 0.5 
 
 
Analysis of Variance 
 
Source              DF  Adj SS  Adj MS  F-Value  P-Value 
  Volume             2   2.632   1.316     0.51    0.616 
  Flow Rate          2  16.674   8.337     3.24    0.087 
  Volume*Flow Rate   4   6.806   1.701     0.66    0.634 
Error                9  23.125   2.569 
Total               17  49.236 
 
 
Model Summary 
 
      S    R-sq  R-sq(adj)  R-sq(pred) 
1.60295  53.03%     11.28%       0.00% 
 
 
Coefficients 
 
Term                Coef  SE Coef  T-Value  P-Value   VIF 
Constant           9.028    0.378    23.89    0.000 
Volume 
  40              -0.403    0.534    -0.75    0.470  1.33 
  50               0.514    0.534     0.96    0.361  1.33 
Flow Rate 
  0.3             -0.194    0.534    -0.36    0.724  1.33 
  0.4              1.264    0.534     2.37    0.042  1.33 
Volume*Flow Rate 
  40 0.3          -0.306    0.756    -0.40    0.695  1.78 
  40 0.4           0.361    0.756     0.48    0.644  1.78 
  50 0.3          -0.847    0.756    -1.12    0.291  1.78 
  50 0.4           0.444    0.756     0.59    0.571  1.78 
 
 
Regression Equation 
 
Area = 9.028 - 0.403 Volume_40 + 0.514 Volume_50 - 0.111 Volume_60 -
 0.194 Flow Rate_0.3 
       + 1.264 Flow Rate_0.4 - 1.069 Flow Rate_0.5 - 0.306 Volume*Flow Rate_40 0.3 
       + 0.361 Volume*Flow Rate_40 0.4 - 0.056 Volume*Flow Rate_40 0.5 
       - 0.847 Volume*Flow Rate_50 0.3 + 0.444 Volume*Flow Rate_50 0.4 
       + 0.403 Volume*Flow Rate_50 0.5 + 1.153 Volume*Flow Rate_60 0.3 
       - 0.806 Volume*Flow Rate_60 0.4 - 0.347 Volume*Flow Rate_60 0.5 
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Fits and Diagnostics for Unusual Observations 
 
Obs   Area   Fit  Resid  Std Resid 
 15   6.75  9.38  -2.63      -2.32  R 
 16  12.00  9.38   2.62       2.32  R 
 
R  Large residual 
 
Area Refined Model after removing two unusual observations 
General Linear Model: Area versus Volume, Flow Rate 
  
The following terms cannot be estimated and were removed: 
   Volume*Flow Rate 
  
  
Method 
  
Factor coding  (-1, 0, +1) 
  
  
Factor Information 
 
 Factor  Type   Levels  Values 
Volume  Fixed       3  40, 50, 60 
Flow Rate  Fixed    3  0.3, 0.4, 0.5 
  
  
Analysis of Variance 
 
 Source      DF  Adj SS  Adj MS  F-Value  P-Value 
  Volume        2   2.671  1.3357     1.68 0.235 
  Flow Rate  2  17.107  8.5534 10.75    0.003 
Error       10   7.956  0.7956 
  Lack-of-Fit   3   1.143  0.3811     0.39 0.763 
  Pure Error    7   6.813  0.9732 
Total       14  30.850 
   
 
Model Summary 
 
    S    R-sq  R-sq(adj)  R-sq(pred) 
0.891949  74.21%     63.90%   42.54% 
  
 
Coefficients 
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 Term      Coef  SE Coef  T-Value  P-Value   VIF 
Constant 8.995    0.252 35.68 0.000 
Volume 
  40       -0.370 0.328 -1.13    0.286  1.14 
  50        0.547 0.328  1.67    0.127  1.14 
Flow Rate 
  0.3      -0.630 0.328 -1.92    0.084  1.48 
  0.4       1.667 0.364  4.58    0.001  1.62 
  
 Regression Equation 
Area = 8.995 - 0.370 Volume_40 + 0.547 Volume_50 - 0.177 Volume_60 - 0.630 Flow 
Rate_0.3 + 1.667 Flow Rate_0.4 - 1.036 Flow Rate_0.5 
 
 Original Thickness Model 
General Linear Model: Thickness versus Volume, Flow Rate 
  
Method 
  
Factor coding  (-1, 0, +1) 
  
  
Factor Information 
  
Factor     Type   Levels  Values 
Volume     Fixed    3  40, 50, 60 
Flow Rate  Fixed    3  0.3, 0.4, 0.5 
  
  
Analysis of Variance 
  
Source              DF  Adj SS  Adj MS  F-Value  P-Value 
  Volume           2   49886   24943  2.07    0.183 
  Flow Rate        2   52613   26306  2.18    0.169 
  Volume*Flow Rate   4   42190   10548  0.87    0.516 
Error                9  108693   12077 
Total               17  253383 
  
  
Model Summary 
  
   S R-sq  R-sq(adj)  R-sq(pred) 
109.896  57.10%  18.97%    0.00% 
  
  
Coefficients 
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Term               Coef  SE Coef  T-Value  P-Value   VIF 
Constant          159.1  25.9  6.14    0.000 
Volume 
  40            14.6  36.6     0.40 0.699  1.33 
  50            55.9  36.6     1.53 0.161  1.33 
Flow Rate 
  0.3           70.7  36.6     1.93    0.086  1.33 
  0.4          -10.0  36.6    -0.27 0.790  1.33 
Volume*Flow Rate 
  40 0.3       -34.7  51.8    -0.67 0.520  1.78 
  40 0.4        75.6  51.8     1.46 0.178  1.78 
  50 0.3       -34.6  51.8    -0.67 0.521  1.78 
  50 0.4       -16.8  51.8    -0.32 0.753  1.78 
  
  
Regression Equation 
  
Thickness = 159.1 + 14.6 Volume_40 + 55.9 Volume_50 - 70.5 Volume_60 + 70.7 Flow 
Rate_0.3 
            - 10.0 Flow Rate_0.4 - 60.6 Flow Rate_0.5 - 34.7 Volume*Flow Rate_40 0.3 
            + 75.6 Volume*Flow Rate_40 0.4 - 41.0 Volume*Flow Rate_40 0.5 
            - 34.6 Volume*Flow Rate_50 0.3 - 16.8 Volume*Flow Rate_50 0.4 
            + 51.4 Volume*Flow Rate_50 0.5 + 69.3 Volume*Flow Rate_60 0.3 
            - 58.8 Volume*Flow Rate_60 0.4 - 10.4 Volume*Flow Rate_60 0.5 
   
Refined model after removing two known outliers 
General Linear Model: Thickness versus Volume, Flow Rate  
 
Method 
 
Factor coding  (-1, 0, +1) 
 
 
Factor Information 
 
Factor     Type   Levels  Values 
Volume     Fixed       3  40, 50, 60 
Flow Rate  Fixed       3  0.3, 0.4, 0.5 
 
 
Analysis of Variance 
 
Source              DF  Adj SS  Adj MS  F-Value  P-Value 
  Volume             2   82289   41145     4.97    0.045 
  Flow Rate          2   33365   16683     2.02    0.203 
  Volume*Flow Rate   4   44884   11221     1.36    0.339 
Error                7   57917    8274 
Total               15  214006 
 
 
Model Summary 
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      S    R-sq  R-sq(adj)  R-sq(pred) 
90.9606  72.94%     42.01%           * 
 
 
Coefficients 
 
Term               Coef  SE Coef  T-Value  P-Value   VIF 
Constant          182.0     23.7     7.68    0.000 
Volume 
  40               10.7     34.3     0.31    0.763  1.55 
  50               82.7     34.3     2.41    0.047  1.55 
Flow Rate 
  0.3              47.8     32.0     1.50    0.178  1.35 
  0.4              16.7     34.3     0.49    0.641  1.42 
Volume*Flow Rate 
  40 0.3          -30.8     45.8    -0.67    0.523  1.76 
  40 0.4           29.9     47.4     0.63    0.548  1.88 
  50 0.3          -61.4     45.8    -1.34    0.222  2.02 
  50 0.4           55.7     52.0     1.07    0.320  2.27 
 
 
Regression Equation 
 
Thickness = 182.0 + 10.7 Volume_40 + 82.7 Volume_50 - 93.4 Volume_60 
+ 47.8 Flow Rate_0.3 
            + 16.7 Flow Rate_0.4 - 64.5 Flow Rate_0.5 - 30.8 Volume*Flow Rate_40 0.3 
            + 29.9 Volume*Flow Rate_40 0.4 + 0.8 Volume*Flow Rate_40 0.5 
            - 61.4 Volume*Flow Rate_50 0.3 + 55.7 Volume*Flow Rate_50 0.4 
            + 5.7 Volume*Flow Rate_50 0.5 + 92.1 Volume*Flow Rate_60 0.3 
            - 85.6 Volume*Flow Rate_60 0.4 - 6.5 Volume*Flow Rate_60 0.5 
 
 
Fits and Diagnostics for Unusual Observations 
 
                                Std 
Obs  Thickness    Fit  Resid  Resid 
  5      129.0  129.0    0.0      *  X 
  8      337.0  337.0    0.0      *  X 
 
X  Unusual X 
 
Removing two known outliers and five determined by Minitab, for a total of 7 points 
General Linear Model: Thickness versus Volume, Flow Rate 
  
The following terms cannot be estimated and were removed: 
   Volume*Flow Rate 
  
  
Method 
  
Factor coding  (-1, 0, +1) 
  
  
Factor Information 
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Factor     Type   Levels  Values 
Volume     Fixed    3  40, 50, 60 
Flow Rate  Fixed    3  0.3, 0.4, 0.5 
  
  
Analysis of Variance 
  
Source         DF  Adj SS  Adj MS  F-Value  P-Value 
  Volume     2   66201   33100 29.51 0.001 
  Flow Rate  2   15671    7835  6.99 0.027 
Error           6 6730 1122 
  Lack-of-Fit   2 2116    1058  0.92 0.470 
  Pure Error 4 4615    1154 
Total          10  122432 
  
  
Model Summary 
  
   S R-sq  R-sq(adj)  R-sq(pred) 
33.4915  94.50%  90.84%   81.02% 
  
  
Coefficients 
  
Term        Coef  SE Coef  T-Value  P-Value   VIF 
Constant   159.6  11.0 14.53    0.000 
Volume 
  40     61.5     18.9  3.25 0.017  1.97 
  50     49.7     16.5  3.01 0.024  2.17 
Flow Rate 
  0.3    55.5     14.9  3.73 0.010  1.58 
  0.4   -38.3     17.1 -2.24 0.067  1.81 
  
  
Regression Equation 
  
Thickness = 159.6 + 61.5 Volume_40 + 49.7 Volume_50 - 111.2 Volume_60 + 55.5 Flow 
Rate_0.3 
            - 38.3 Flow Rate_0.4 - 17.2 Flow Rate_0.5 
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Appendix B: CNN Process Purities Table 
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Appendix C: Metal Analysis of CNN GDL Samples by ICP-OES 
FROM: Chuck Fraley 
TO: Keith Bethune/VACNT Working Group 
DATE: Oct. 31, 2015 
REF: Metals Analysis of VACNT Samples by ICP-OES 
 
Samples: 
Three (3) separate samples of carbon nanotubes were obtained in plastic ziplock bags. The two smaller 
samples, 21.7 mg and 47 mg, were combined for one analysis. The remaining sample, 74.5 mg, was 
analyzed separately. 
 
 
Sample Leaching/Preparation: 
1. Each sample was placed in a PTFE microwave digestion tube along with 10 ml of trace metal 
grade HNO3, along with a blank.  
2. The tubes were sealed and heated in a CEM MARSXpress microwave for 60 minutes at 90C. 
3. Samples were allowed to cool overnight, then vented, resealed, and heated again to 110C for 60 
mins.  
4. Samples were again cooled overnight, 1.0 ml of 30% H2O2 were added to each sample, resealed, 
and heated to 110C for 60 mins. 
5. The next day, the samples were transferred to 50 ml centrifuge tubes to try and separate the 
acid solution from the remaining CNT material.  
a. This was not effective. 
6. The samples were allowed to sit overnight to allow them to settle on their own, and as much of 
the cleared acid solution as possible was pipetted off from the remaining solid material and 
transferred to clean plastic test tubes.  
7. 2 ml aliquots of each solution were diluted with 6 ml of DDW, in duplicate, and analyzed by 
ICPoptical emission spectrometry. The instrument used was a Varian Vista-MPX. 
 
ICP-OES Calibration: 
1. Calibration was achieved by adding 0.80 ml of a 20 ppm std to an aliquot of the reagent blank.  
2. Final concentrations of detected elements are provided in ug/gram after adjusting for the 
variation in density of the solutions vs. the density of the calibration std. 
 
Results: 
1. Results are presented in the following tables. 
2. Values in red txt/yellow highlight are most likely due to contamination. 
3. Values with black txt/green highlight are considered detectable quantities by the ICP-OES 
operator as a distinct peak was observed. 
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Appendix D: Metal Analysis of Pure CNN Samples by ICP-OES 
Element Al  B  Ba  Ca  Cd  Co  Cr  Cu  Fe  K  
 Det. 
Limits 
0.01
4 0.016 0.001 
0.000
4 0.020 0.020 0.020 0.020 0.020 0.050 
 CNT 
Sol'n. 
0.04
3 0.154 
<0.00
1 2.82 
<0.02
0 
<0.02
0 
<0.02
0 
<0.02
0 
<0.02
0 6.33 
 
RSD 
0.29
9 0.017   
0.008
7           0.018 
 
Metals 
Analysis 
Peaks 
                    
 
 
  ✔ ✔ 
 
✔ ✔   ✔ ✔ 
                     
 
            
            Element Mg  Mn  Mo  Na  Ni  P  Pb  Sr  Ti  V  Zn  
Det. 
Limits 
0.01
0 0.006 0.020 0.013 0.070 0.50 0.300 
0.000
3 0.007 0.020 0.015 
CNT 
Sol'n. 
0.61
9 
<0.00
6 0.022 70.9 
<0.07
0 12.35 <0.30 
0.007
7 
<0.00
7 
<0.02
0 
<0.01
5 
RSD 
0.01
2   0.512 0.025   0.013   0.019       
Metals 
Analysis 
Peaks 
                      
  ✔ 
 
  
 
✔ ✔   
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Appendix E: Polarization & Power Density Curves with Data Checks 
 
Figure E.1. Polarization curve at various RH levels for the Sigracet SGL25BC baseline GDL 
with O2 at the cathode. 
 
 
Figure E.2. Polarization curve at various RH levels for the Sigracet SGL25BC baseline GDL 
with air at the cathode of the cell. 
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Figure E.3. Power density curves at various humidity levels for the baseline SGL25BC operating 
with O2. 
 
Looking at the baseline polarization graph in Figure E.1 with oxygen gas as the reactant 
on the cathode side, it exhibits the expected behavior of standard cell operation.  The slope in the 
ohmic region of Figure E.1 is less steep than the slope in Figure E.2 corresponding to the lack of 
mass transport in the cell operating with pure oxygen.  Due to the slight effects of mass transport 
with the use of air, the slopes of the curves in Figure E.2 are larger.  Again focusing on the 
oxygen curves, the slope of this linear region should correspond to the measured HFR due to the 
lack of mass transport effects.  The average negative slope in the ohmic region after multiplying 
by 50 cm
2
 is 85.8 mV/A or 85.8 mΩ which is an acceptable 9% error from the averaged 
measured HFR.  This verifies that the cell was operating properly for this test.  The power curves 
in Figure E.3 also show the cell with the baseline GDL reaching a peak power density of 
approximately 1.25 W/cm
2
. 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 0.5 1 1.5 2
P
o
w
e
r 
D
e
n
si
ty
 [
W
/c
m
2
] 
Current Density [A/cm2] 
RH90
RH70
RH50
RH30
67 
 
 
Figure E.4. Polarization curve at various RH levels for the CNN CP GDL with O2 at the cathode 
of the cell. 
 
 
Figure E.5. Polarization curve at various RH levels for the CNN CP GDL with air at the cathode 
of the cell. 
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Figure E.6.Power density curves at various humidity levels for the CNN CP GDL operating with 
O2. 
 
Upon inspection of the curves produced from using the CNN CP GDL in Figures E.4 and 
E.5, the results look similar to that of the baseline GDL.  The average negative slope was 89.7 
mΩ which is 16% off from the measured HFR; therefore, the cell was not affected by mass 
transport as expected with the use of oxygen.  However, when comparing the oxygen and air 
curves, the polarization curves in Figure E.5 with the use of air clearly have a steeper slope than 
those for oxygen.  This extra voltage drop, or increased resistance, may be due to the presence of 
CNN.  However, since the oxygen curves’ average slope appropriately corresponds to the Toray 
TGP-H-030 CP resistance and there is no evidence of significant flooding, the CNN may not be 
at fault.  Figure E.6 shows the power density curves for CNN CP.  The peak power density of the 
CNN CP GDL operating with air is 1.25 W/cm
2
, again very similar to the baseline.  The 
closeness of each curve or the similar performance despite RH adjustments is an attractive 
feature for a potentially marketable GDL as GDLs are expected to behave consistently across a 
range of operating conditions. 
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Figure E.7. Polarization curve at various RH levels for the CNN SiC GDL with O2 at the cathode 
of the cell. 
 
 
Figure E.8. Polarization curve at various RH levels for the CNN SiC GDL with air at the 
cathode of the cell. 
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Figure E.9. Power density curves at various humidity levels for the CNN SiC GDL operating 
with O2. 
 
 Figures E.7 through E.9 are the results from operating the test cell with the CNN SiC 
GDL.  The steep slope in the ohmic region may suggest that significant mass transport effects 
came into play during the cell’s testing cycles.  However, the average negative slope was 57.1 
mΩ which is 7% off from the measured HFR; therefore, the cell was not affected by mass 
transport but the increased resistance may be due to the ceramic’s natural high resistance.  
Comparing the curves from the use of oxygen and the use of air, the separation between 
performances for each relative humidity becomes more apparent where the cell’s voltage drops 
as RH increases.  This may suggest that some flooding occurred and the liquid water could not 
be removed from the GDL.  Similarly in the power density curves, the RH 90 setting has the 
worst result, noticeably lower than the other RHs which are grouped relatively closely.  In 
addition, even at its peak power density, the CNN SiC GDL reaches only 28% of the power 
density achieved by the baseline GDL.  This low power density coupled with the poor 
repeatability across the humidity range suggests that this CNN GDL with the ceramic substrate 
may not a good potential candidate for further research. 
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Figure E.10. Polarization curve at various RH levels for the pure CNN GDL with O2 at the 
cathode of the cell. 
 
 
Figure E.11. Polarization curve at various RH levels for the pure CNN GDL with air at the 
cathode of the cell. 
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Figure E.12. Power density curves at various humidity levels for the pure CNN GDL operating 
with O2. 
Figures E.10 through E.12 are the results from operating the test cell with the pure CNN 
GDL.  The test for the fuel cell with the pure CNN GDL did not reach the same intended current 
steps as the prior tests.  This may be due to flooding and the fuel cell test station’s diagnostics 
indicating poor performance as the curves for RH70 and RH90 are considerably shorter than that 
of RH30.  Despite CNN being conductive, the peak power density reached approximately the 
same value as the SiC GDL which should have been a far less conductive material. 
The following four graphs in Figures E.13 through E.16 show zoomed in views of the 
linear, ohmic region of the polarization curves produced with oxygen.  These curves and the 
associated trend line equations were used to determine each GDLs voltage loss due to mass 
transfer and the effective mass transfer resistance for RH90 and RH30. 
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Figure E.13. Zoomed in view of the last section of the polarization curve for the baseline GDL 
operating with O2 including linear trend lines and equations. 
 
 
Figure E.14. Zoomed in view of the last section of the polarization curve for the CP GDL 
operating with O2 including linear trend lines and equations. 
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Figure E.15. Zoomed in view of the last section of the polarization curve for the SiC GDL 
operating with O2 including linear trend lines and equations. 
 
 
Figure E.16. Zoomed in view of the last section of the polarization curve for the pure CNN GDL 
operating with O2 including linear trend lines and equations. 
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